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A method of systematically controlling the rotational state of a sample levitated in a high vacuum
using the photon pressure is described. A zirconium sphere was levitated in the high-temperature
electrostatic levitator and it was rotated by irradiating it with a narrow beam of a high-power laser
on a spot off the center of mass. While the laser beam heated the sample, it also rotated the sample
with a torque that was proportional both to the laser power and the length of the torque arm. A
simple theoretical basis was given and its validity was demonstrated using a solid zirconium sphere
at ;2000 K. This method will be useful to systematically control the rotational state of a levitated
sample for the containerless materials processing at high temperature. © 1999 American Institute
of Physics. @S0034-6748~99!04712-7#I. INTRODUCTION
A levitated sample in the high-temperature levitator usu-
ally ends up in a rotational state. Various thermophysical
property measurement techniques assume that the sample is
in a nonrotating state for correct measurements. For ex-
ample, the surface tension and viscosity measurements from
a rotating melt will give quite different results than those
measured from a static melt. Conventionally, a strong dc
magnetic field was applied to the sample to slow down the
rotation. A recently developed method utilized the torque
generated by an applied rotating magnetic field in order to
systematically control the rotational state of the sample.1
However, these methods are often quite difficult to imple-
ment if the full three-dimensional rotation control is needed.
Furthermore, the application of these methods is limited to
relatively good electrical conductors. When the sample is an
insulator or a poor conductor, these methods no longer apply.
This article describes an alternative method for inducing
sample rotation by photon pressure. The technique is capable
of systematically altering the rotational state of a levitated
sample, either solid or molten, by simply steering a steady-
state laser beam at different points on the sample surface.
Good electrical conductivity is not required as long the
sample material can be levitated in a high vacuum and as
long as it can withstand the high temperature resulting from
the laser absorption. As far as the conversion of photon pres-
sure to mechanical motion is concerned, there exists the op-
tical levitation technique that was pioneered by Ashkin,2,3
and the sample rotation technique by Higurashi et al. who
have demonstrated that under an appropriate condition the
photon pressure can induce rotations on a small dielectric
rotor.4 However, their works involve micron-size dielectric
particles which are much smaller in size and also restricted to
the dielectric materials.
The theoretical justification will be followed by a brief
description of the high-temperature, high-vacuum electro-
static levitator used at the Jet Propulsion Laboratory ~JPL!.5
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showing the rotation that was induced on a levitated molten
zirconium drop. A more rigorous experimental verification
will then follow.
II. THEORETICAL ANALYSIS
If a narrow cw laser beam is pointing a levitated sample
~which is opaque at the laser wave length!, a part of the laser
power will be absorbed and the rest will be reflected. The
absorbed laser energy will raise the sample temperature to a
steady state. At the steady state in a high vacuum, the total
absorbed laser power will be radiated by the sample accord-
ing to the following equation:
Pab5Nabhn5
Nabhc
l
5sSBeTAT4, ~1!
where Nab is the number of photons absorbed by the sample
per second, h is the Planck constant, n is the laser frequency,
c is the speed of light, l is the laser wavelength, sSB is the
Stefan–Boltzman constant, eT is the hemispherical total
emissivity, A is the sample surface area, and T is the steady-
state sample temperature in kelvin. Since the rest of the total
incident laser power must be reflected,
P total5Pab1P ref . ~2!
Since a photon with wavelength l has the momentum p
5h/l , the total momentum that is transferred to the sample
by the absorbed photons per second is given by
pT5
Nabh
l
5
Pab
c
. ~3!
If the laser beam incident to the sample surface at the arm
length a ~see Fig. 1! was absorbed, the torque imparted to the
sample by the beam is
t5apT5
aPab
c
. ~4!2 © 1999 American Institute of Physics
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power and the torque arm length ~see Fig. 1!. Combination
of Eqs. ~4! and ~1! gives
t5
sSBeTAaT4
c
~5!
For a spherical sample of mass m, radius R, surface area
A54pR2, and moment of inertia I5(2/5)mR2, the accel-
eration of rotational frequency can be found from Eq. ~5! by
d f
dt 5
5sSB
c
S eTaT4
m
D , ~6!
since torque is defined by
t5I
dv
dt 52pI
d f
dt , ~7!
where v is the angular frequency of the sample, and v
52p f .
The reflected laser beam can also impart a torque to the
sample if the sample is nonspherical. The magnitude and
direction of the torque generated by the reflected laser beam
depend on the details of the area of reflection with respect to
the center of sample mass. However, as illustrated in Fig. 1,
if the sample shape is spherical having a mirror-smooth sur-
face, the reflected laser beam cannot generate a net torque
since the torque generated by the reflected beam cancels the
torque generated by the incident beam. Thus, for a spherical
sample, the torque has to be generated entirely by the ab-
sorbed laser beam as expressed by Eq. ~5!.
III. EXPERIMENTAL SETUP AND PROCEDURE
The experiments reported in this article have been con-
ducted using the high-temperature electrostatic levitator
~HTESL! at the Jet Propulsion Laboratory.5 Figure 2 shows a
schematic diagram of the HTESL. The sample and electrodes
were housed in a stainless-steel chamber which was typically
FIG. 1. Schematic diagram showing the two different ways of the laser
beams interacting with a spherical sample. One beam is reflected from the
surface, while the other beam ~incident a distance away from the center! is
absorbed.Downloaded 13 Jan 2006 to 131.215.240.9. Redistribution subject toevacuated to 1028 Torr before heating began. For these mea-
surements, samples with diameters close to 2.5 mm were
used. The HTESL achieved sample positioning between the
parallel-plate electrodes using a feedback control system.
This system relied on He–Ne lasers that projected sample
images on position detectors. Typically, the top and bottom
electrodes were spaced 12 mm apart ~Fig. 3!. The sample
rotation rate was measured by detecting the reflected He–Ne
laser beam from its surface. A 1 kW xenon arc lamp was
used for initial sample heating, until a thermionic emission
regime was attained. Then, the sample was heated further
and melted using a 100 W cw Nd–YAG laser. For these
experiments, temperatures in excess of 2300 K were reached.
When a levitated sample is molten, it assumes a nearly
spherical shape, thanks to the action of surface tension.
Moreover, since the electrostatic levitation scheme does not
transfer any heat to the sample, a heated sample cools purely
radiatively. The energy equation describing the cooling pro-
cess in the absence of the heating beam is given by
m
M Cp
dT
dt 52eTAsSB~T
42Ta
4!, ~8!
where m is the sample mass; M the atomic weight; Cp the
FIG. 2. Schematic diagram of the high-temperature electrostatic levitator.
FIG. 3. Schematic diagram of the electrode assembly. AIP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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spectively, the ambient and sample temperatures; eT the
hemispherical total emissivity; A the surface area of the
sample; and sSB the Stefan–Boltzman constant (5.6705
31028 W m22 K24!.
The temperature was measured using a single-color
custom-made pyrometer operating at 750 nm and was then
digitized and calibrated using LABVIEW software. Since the
heating was achieved with a laser at 1.06 mm, the risks of
spectral interference were avoided.
IV. EXPERIMENTAL RESULTS AND DISCUSSIONS
A solid zirconium sample ~melting temperature 2128 K!
was levitated, and it was heated beyond the melting tempera-
ture by the laser. When the laser beam was deliberately
pointed to one side of the sample along the equator, the drop
started gaining angular momentum, which was evidenced by
the shape transformation from spherical to an oblate spher-
oid. Shown in Fig. 4 are the side views of the molten zirco-
nium drop ~;40 mg! at three different rotational states. The
top figure shows the initial spherical shape of the drop in the
nonrotating state. As the drop continued gaining angular mo-
mentum, it was expected to reach the critical point called
‘‘the bifurcation point’’ where the drop shape should sud-
denly change from an axisymmetric to a triaxial shape.6 The
middle figure shows the drop shape near the critical point.
The bottom figure shows a triaxial ellipsoidal shape that oc-
curred past the critical point. When the laser beam was
FIG. 4. Side views of a molten zirconium drop rotating at three different
rates. The top figure shows the initial spherical shape of the drop in the
nonrotating state. The middle figure shows the drop shape near the critical
point, and the bottom figure shows a triaxial ellipsoidal shape that occurred
past the critical point.Downloaded 13 Jan 2006 to 131.215.240.9. Redistribution subject tomoved to a point that was opposite with respect to the center
of the drop, the drop rotational rate decreased as expected.
In order to verify the rotational acceleration given by Eq.
~6!, a spherical solid zirconium sample was used to maintain
the moment of inertia relatively constant throughout the ex-
periment. Sphericity of the sample was ensured by solidify-
ing molten zirconium drop during levitation. The solid
sample had the following characteristics at ;2000 K where
the experiment was performed:
mass: m53.831026 kg,
density: r56.53103 kg/m3,
radius: R51.1231023 m,
moment of inertia: I52mR2/551931022 kg m2,
FIG. 5. Theoretical and experimental results of the rotational acceleration of
a zirconium sphere as a function of the temperature. The torque arm was
kept fixed.
FIG. 6. Theoretical and experimental results of the torque of a zirconium
sphere as a function of the temperature. The torque arm was kept fixed. AIP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
4655Rev. Sci. Instrum., Vol. 70, No. 12, December 1999 Rotation of levitated samplehemispherical total emissivity: eT50.27.
To measure the rotational rate accurately, a low-power
He–Ne laser was pointed to the sample and the reflected
beam was spectrum analyzed.1
The laser beam was directed to a fixed point on the
sample equator, a short distance away from the center of the
sphere. At a given laser power, both the sample rotation rate
and the sample temperature were measured. This process
was repeated as a function of the laser power. Assuming that
the laser beam was pointing 0.69 mm away from the center
of the sample ~see Fig. 1!, i.e., if the torque arm was 0.69
mm, one can calculate d f /dt from Eq. ~6!. The results are
shown as the solid line in Fig. 5. The experimental results are
shown as the solid circles in Fig. 5. The agreements are quite
good. In this analysis, the exact torque arm length was the
only parameter that needed to be adjusted to fit the data.
FIG. 7. Theoretical and experimental results of the torque of a zirconium
sphere as a function of the absorbed laser power. The torque arm was kept
fixed.Downloaded 13 Jan 2006 to 131.215.240.9. Redistribution subject toFigure 6 shows both the experimental and the theoretical
torque, which was translated from Fig. 5 using Eqs. ~5! and
~7!. The torque shown in Fig. 6 can be plotted as a function
of the absorbed laser power as shown in Fig. 7. At the torque
arm length a50.69 mm, the torque generation efficiency by
the absorbed laser power was 1.13310212 N m/W.
This analysis demonstrated that the photon pressure can
generate a torque on a levitated sample which can be used to
control the sample rotation by simply steering the beam to an
appropriate point on the sample surface. If the sample has a
spherical shape, only the absorbed laser beam can generate
the torque. However, if the sample has a nonspherical shape,
both the absorbed and the reflected beams can generate the
torque unless the beam is directed to the center of the sample
mass. As can be seen in Fig. 5, the sample had to absorb
substantial laser power to generate an appreciable rotational
rate, meaning that this technique for the rotation control may
well be applied to the containerless materials processing at
high temperature.
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